Abstract-The efficiency of metal-oxide (MOX) semiconductor gas sensor is depends on the high accuracy of its performance. In real monitoring situation, the responses of gas sensor are inclined to substantial drift effects that caused by environmental factors (i.e., ambient temperature and humidity) that have reduced the sensor's accuracy. Therefore, the study aims to identify the probable span of drift in sensor responses that was introduced by ambient temperature variation. Two gas sensors (TGS2600 and TGS2602) were used to observe the drift due to ambient temperature variation (25, 30, 35 and 40°C) in exposure of clean air and 6 ppm toluene. The ambient temperature of 25 °C was set as the starting temperature for drifting point, and used as the baseline for identification of drift occurrence. The probable span of drift was later translated into percentage for easy interpretation. Results show that the sensors resistances were drifted in a wide range with their respective drift percentage as the ambient temperature were increased. The resistances for TGS2600 and TGS2602 were drifted up to 57.61 and 61.21 % in clean air while 40.13 and 9.7 % in 6 ppm toluene, respectively. It can be concluded that the probable span of drifted responses has been identified for TGS2600 and TGS2602 in clean air and 6 ppm toluene due to the variation of ambient temperature beyond 25 °C.
I. INTRODUCTION
In the advancement of gas sensing, metal-oxide (MOX) semiconductor gas sensors are widely used in detecting toxic gases in air due to its notable high sensitivity [1] . Despite of this quality, the responses of gas sensors are inclined to substantial drift effects, well-knowing as the instability to the gas sensor. This drift effects relative to the changes in sensor responses that make initial statistical model for gas recognition becomes relatively useless [2] .
In general, sensor drift can be attributed to two prevalent sources. First, 'first-order drift' due to the chemical and physical interaction processes of the chemical anlytes at the sensing microstructure (i.e., sensor aging and poisoning). Second, 'second-order drift' which is produced by the external and uncontrollable changes of the experimental surrounding atmosphere (i.e., ambient temperature and humidity) [3] , [4] . It is important to realize that when the sensors are utilized in real world application such as air quality monitoring [5] , the atmospheric condition is surrounded by the fluctuations of environmental variable such as ambient temperature [6] .
The variation of ambient temperature renders a great influence to the performance of semiconductor gas sensors [7] . It can cause fluctuation to the operating temperature of the sensor, which alters the properties and the concentration of charge carriers within the grains of metal oxide surface [2] , [6] . This mechanism occurs at the sensing surface of the sensor's internal. The increasing condition of fluctuated operating temperature increases the average thermal energy of charge carriers, and lead the carriers to overcome Schottky barrier established at grain boundaries [6] , [8] , [9] . This decreases the thickness of space-charge layer, and thus resulting to a decreased in sensor resistance. The resulted sensor resistance is then represented through the sensor's measured output [7] .
This mechanism shows that the gas sensors are drifting in time over the fluctuation of ambient temperature, which due to the large range of temperature variation that beyond the sensor's calibration range. Outside from this range of calibration, introduced shifts in the dynamic features [8] and distorted the original unique patterns of acquired responses. This aberration has degraded the sensors accuracy and caused the estimation of contaminant concentration become unreliable [6] .
There are few studies in this area which investigated about the issue of sensor drift due to the ambient temperature variable [10] [11]- [13] . Most of these studies have emphasized the issue in the perspective of drift compensation and comparison between the compensation methods [10] [13]- [16] . Lack of focus is emphasized in the identification of drift occurrence itself. Identification of drift occurrence allows us to estimate the probable span of sensor responses that will be drifted in future. Thus would improve the understanding on drift compensation study.
Therefore, the study aims to identify the probable span of drift in sensor responses that was introduced by ambient temperature variation. Two gas sensors (TGS2600 and TGS2602) were used to observe the drift due to ambient temperature variation (25, 30, 35 and 40°C) in exposure of clean air and 6 ppm toluene. To suit with atmospheric condition of Malaysia tropical climate, the ambient temperature of 25 °C was set as the starting temperature for drifting point [17] , and used as the baseline for identification of drift occurrence. The probable span of drift was later translated into percentage for easy interpretation.
II. METHODOLOGY

A. Experimental
Two commercial MOX gas sensors (TGS2600 and TGS2602) were used in this work. Temperature sensor of LM35DZ was used to control the ambient temperature. The sensors were supplied with 5.0 V voltage and placed in a chamber of 3375 cm 3 internal volume. Fan was used in the chamber to speed up the gas evaporation process and to circulate the chamber air homogeneously [18] . The sensors' output were connected to ADC-20/ADC-24 terminal board and attached together with ADC-20 Pico data logger to transmit the output data into computer. This experimental setup is depicted as in Fig. 1 . Two series of experiment; (i) in clean air (before applying gas), and (ii) in 6 ppm toluene were conducted to observe the occurrence of drift effects. To stabilize the sensors' output response, preheating was performed in two hours before the experiments were started. The chamber ambient was heated using a heater that placed inside with varies temperature from 25°C to 40°C with interval of 5°C. After each experiment, dry air was purged into the chamber for 20 to 30 minutes to clean the chamber from exposed gas [10] .
B. Drift identification
Sensor resistance, R S is calculated with a measured value of output voltage by using the following equation:
where V C is the supply voltage, R L is load resistance and V out is the output voltage measured from experiments [19] . The sensors resistances in clean air, R a and in toluene, R g were calculated using the above equation by replacing the R S with R a and R g , respectively. Drift effects in sensor response were identified by calculating the percentage of response that has been drifted away from its initial value tested at starting temperature (25 °C). The drift percentage equation is adopted from the wellknown equation of percentage calculation [20] , and was modified to be implemented in this drift problem:
Where initial response is the sensor response measured at 25 °C ambient temperature. Whilst drifted response is the sensor response measured at 30, 35 and 40 °C ambient temperature.
III. RESULTS AND DISCUSSION
Results of TGS2600 and TGS2602 responses in term of their resistances in clean air, R a and in 6 ppm toluene, R g due to the ambient temperature variation were tabulated in Table 1 and Table 2 respectively. The results were presented for mean, standard deviation (SD) and drift percentage. From Table 1 , by taking 25 °C as the starting temperature for drifting point, considerable drifts can be seen in clean air as the sensors resistances, R a were drifted to decrease with the increasing of ambient temperature to 30, 35 and 40 °C. For example in TGS2600, the sensor resistance (mean and standard deviation) at the beginning of 25 °C ambient temperature is at 40.71 ± 0.06 kΩ. The resistance started to drift decreasingly to 32.58 ± 0.04 kΩ as the ambient temperature was increased to 30 °C, with 19.99 % of drift percentage. The drifting resistances were continued to decrease to 18.51 ± 0.02 and 17.26 ± 0.02 kΩ as the ambient temperature were increased to 35 and 40 °C, with drift percentage of 54.53 and 57.61 % respectively. Whilst for TGS2602, the drifts started from 10.44 ± 0.02 kΩ at 25 °C, to 7.30 ± 0.01, 5.03 ± 0.01 and 4.05 ± 0.01 kΩ as the ambient temperature were increased to 30, 35 and 40 °C respectively. These drifting resistances were drifted in 30.12, 51.80 and 61.21 % drift percentage respective for each of the temperature rising. From Table 2 above, again, by taking 25 °C as the starting temperature for drifting point, considerable drifts can be seen in 6 ppm toluene. The resistances, R g for both sensors (TGS2600 and TGS2602) were drifted to decrease as the ambient temperature were increased from 25 °C to 30, 35 and 40 °C. In TGS2600, the measured resistance (mean and standard deviation) has started with 4.57 ± 0.01kΩ at 25 °C ambient temperature. The resistances were then drifted to decrease to 3.94 ± 0.01, 3.21 ± 0.01 and 2.74 ± 0.02 kΩ as the ambient temperature were increased to 30, 35 and 40 °C. All of these decreasing resistances were drifted with drift percentage of 13.80, 29.73 and 40.13 % respectively. Meanwhile in TGS2602, the drift percentage range was 4.03, 7.89 and 9.70 %, respective with the increasing of 30, 35 and 40 °C ambient temperature. This drift percentage range was covered for the affected resistances that drifted from 0.45 ± 0.00 kΩ at 25 °C to 0.43 ± 0.00, 0.42 ± 0.00, and 0.41 ± 0.00 kΩ at 30, 35 and 40 °C respectively. For a clearer observation for all of these drifts, the measured resistances for both sensors in clean air and in 6 ppm toluene are visualized respectively in Fig. 2 and Fig. 3 below. From Fig. 2 above, clearer pattern of drifted resistances in clean air can be observed for both sensors in Fig. 2(a) for TGS2600 and in Fig. 2(b) for TGS2602. Reflected to the results of Table 1 reported earlier, wide range of drifting resistances can be seen with their respective drift percentage as the ambient temperature were increased from 25 °C to 30, 35 and 40 °C, both in Fig. 2(a) and 2(b) .
This was due to the mechanism that happened at the sensors' metal-oxide sensing surface. The fundamental mechanism that responsible for the cause of gas sensor response is due to the trapping of electrons at adsorbed molecules that induced band bending (so called as spacecharge layer). In clean air, oxygen molecules were adsorbed on the sensing surface. They extracted electrons from conduction band and trapped them at the sensing surface in form of ions. This caused a band bending. The thickness of this band bending reflected as the sensor's resistance [7] . Decreases in this thickness indicated that the sensor's resistance is decreased.
This mechanism however, was altered when it is been introduced with the ambient temperature variation. The variation of ambient temperature have fluctuated the operating temperature at the sensing surface. As the operating 2014 IEEE Conference on Systems, Process and Control (ICSPC 2014), 12 -14 December 2014, Kuala Lumpur, Malaysia temperature was fluctuating, it influenced the stability of oxygen species at the sensing surface, and altered their adsorption rate. This changing rate affected the concentration of charged molecules at the sensing surface, and thus varied the sensor resistance (drifting responses) [21] . Meanwhile from Fig. 3 above, clearer pattern of drifted resistances due to the ambient temperature variation (25, 30, 35 and 40 °C) for TGS2600 and TGS2602 sensors in 6 ppm toluene can be observed in Fig. 3(a) and 3(b) respectively. The resistances pattern in these figures is the visual interpretation for the drifted resistances reported in Table 2 . The resistances can be seen were drifted with remarkably lower drift percentage than while they were in clean air. This difference demonstrated that the drift rate has been decreased with the exposing of toluene to the sensors' air.
The changing rate of sensors drift was due to the introduction of toluene to the mechanism that has been explained earlier. As we already known, adsorption of oxygen molecules at the metal-oxide sensing surface is responsible for the formation of band bending (sensor resistance) [7] . As the toluene was presenting, it reacted with the existing oxygen species at the sensing surface and been oxidized [21] . Competitive adsorption and replacement of the adsorbed oxygen on the sensing surface by this toluene has decreased and reversed the band bending, resulted in a decreased resistance [7] .
When higher temperature was introducing, it elevated the toluene adsorption rate and caused the toluene to diffuse deep inside of the sensing grains [5] . This deep diffusion caused the toluene to leave residues at the grain surface, and thus reduced the available adsorption sites for the oxygen species [2] . This caused the resulted resistance (drifting responses) to shift slightly (lower drift percentage) albeit they were been operated in the same ambient temperature as in clean air. The probable spans for all of these drifted resistances (in clean air and in 6 ppm toluene) have been identified in the form of drift percentage and been discussed in the reported results.
IV. CONCLUSION
It can be concluded that the probable span of drifted responses has been identified for TGS2600 and TGS2602 in clean air and 6 ppm toluene due to the variation of ambient temperature beyond 25 °C. These drifts of sensors response will be counteracted in further compensation work.
